This research focuses on observing and measuring the topography of thin film buckle in micro-nano scale, which is based on focus measure function and Shape From Focus technology, Gaussian interpolation. A PZT stepper motor which is well calibrated is used to change the distance between thin film surface and the microscope lens. Focusing-evaluation-functions elements of each image which is taken at each step are corresponded to the distance values obtained from the PZT stepper motor. Then, focusingevaluation-functions of each element at different steps can be seemed as a function of distance values. The actual distance of each element between the film and the lens, when the element is clearest, can be obtained by the Gaussian interpolation when the element focusing-evaluation-function reaches the peak value. Furthermore, this method is applied successfully to measure the full field topography of straight side buckle and telephone cord buckle.
Introduction
In the machinery manufacturing industry, the measurement method of the 3D contour has always been an important research direction. A shape-from-focus method is described which is based on a new concept named Focused Image Surface (FIS) [1] . FIS of an object is defined as the surface formed by the set of points at which the object points are focused by a camera lens. The image of a scene formed by an optical system, such as a lens, contains both photometric and geometric information about the scene. Brightness or radiance and color of objects in the scene are part of photometric information, whereas distance and shape of objects are part of geometric information. Recovering this information from a set of images sensed by a camera is an important problem in computer vision. Shape-From-Focus (SFF) methods provide one solution to the problem [2] .
Despite the three-dimensional shape measurement technology of the large size objects has been developed, the Micro-nano scale shape measurement technology research will be important for the development of the future industry, especially in the MEMS industry. Films and coatings elaborated by sputtering often develop residual compressive stresses during the deposition process [3, 4] . Thin films containing large residual stresses are susceptible to delamination and buckle, resulting in interesting topographical patterns [5] . Various shapes of debonding patterns, such as straight-sided buckles [6] or worm-like structures also known as telephone cord buckles [7] , have been observed and characterized in different film/ substrate specimens. The telephone cord buckle patterns are elongated tunnels with antisymmetric undulation at the edges and have been recently simulated by Crosby and Bradley [8, 9] .
In JS Wang [10] , an optical microscope with 200 times magnification has been used to investigate the buckle propagation and get the statistical number changes of buckles within a region with the external load increasing. The mechanical and thermal properties of compressed thin film titanium films with 150 nm thickness deposited on an PMMA substrate under mechanical and thermal loads has been investigated by S.B. WANG et al using an optical microscope [11, 12] . The cross-section profile of the straight-side buckle has also been measured using an optical microscope based on the focusing-evaluation-function theory [13] . In-situ optical microscopy of the layered structures under uniaxial compressive strain was used to determine the buckle delamination rate at different applied strains [14] . Also important are the non-contact measurement of the optical microscope that will not damage the specimen, while the applied force of AFM used for imaging the sample surface is about 10-100 nN [15] .
As an important method to observe the morphology on the film surface, optical microscopy that has been applied in investigation of buckle has the advantage of lower environmental requirements and lower cost. The intent of the present investigation is to measure the 3D shape of thin film buckle and particularly to analyze the mechanical behavior of buckle, taking advantage to the ease of use offered by the Olympus microscope. Experimental results on Al/PMMA samples are presented. The additional compressive stress is here produced in the thin films using an experimental apparatus which allows the observation in situ by microscope of the surface during deformation [5, [11] [12] [13] .
This paper focuses on observing and measuring the topography of thin film buckle in micro-nano scale with SFF that is based on focusing-evaluation-function theory and Gaussian interpolation. A PZT stepper motor which is well calibrated is used to change the distance between thin film surface and the microscope lens. Furthermore, this method is applied successfully to measure the full field topography of straight side buckle and telephone cord buckle. 
Associated theories

Straight-sided buckles
For thin films, thickness h, subject to equi-biaxial compression, 0 , the surface displacement w normal to the substrate of a straight sided buckle ( Fig. 1.) , as a function of distance x measured from the middle of the buckle well behind the curved front, is given by Hutchinson and Suo [16] 
where 2b is the width and The critical bifurcation stress, c , at width 2b, with E and v being Young's modulus and Poisson's ratio of the film, respectively.
Telephone cord buckle
AFM profiles measured along representative trajectories for a DLC film affirm the overall characteristics ( Fig. 2 ). All the radial trajectories originating at O have essentially the same asymmetric profile, exemplified by that shown in Fig. 2 a, b. Note the small deviations from constancy within the four radial trajectories, C , 1 C , 2 C , 3 C , as well as the mirror symmetry between A ( E ) and C [17] . 
The Shape-from-Focus
Recovering the geometric information from a set of images sensed by a camera is an important problem in computer vision. Shape-From-Focus (SFF) methods provide one solution to the problem [1, 2] . For an aberrationfree convex lens, 1) the radiance at a point in the scene is proportional to the irradiance at its focused image, and 2) the position of the point in the scene and the position of its focused image are related by the lens formula [1] .
Where is the focal length, d 0 is the distance of the object from the lens plane, and d i is the distance of the focused image from the lens plane (see Fig. 3 ). Given the irradiance and the position of the focused image of a point, its radiance and position in the scene are uniquely determined. If an object surface in front of the lens is supposed as a set of points, then the focused images of these points define another surface behind the lens (see Fig. 3 ). This surface is defined to be the Focused Image Surface (FIS) and the image irradiance on this surface to be the focused image. The geometry (i.e., the shape) and the radiance distribution of the object surface are uniquely determined by the FIS and the focused image [1, 2] . Conceptually, the Shape-from-Focus (SFF) algorithm can be described as follows. The lens is first moved to z = z 0 . A sequence of images, g(i, j , k), is recorded by moving the lens to positions z i =z 0 +i* where is a small displacement, for i = 0, 1, 2, ..., I -1, j = 0, 1, 2, ..., J -1, and k=0, 1,2 . . , K-1. J and K are the number of rows and columns respectively in each image frame, and I is the number of image frames. This image sequence can be considered as an image volume (see Fig. 3 ). In this image volume, the problem is to find the set of pixels which lie on the focused image surface (FIS) of the object.
For any given row j and column k, there is only one pixel which lies on the FIS. The image frame number i to which this pixel belongs depends on (j, k) and therefore it can be expressed as a function i(j, k). The grey level of this pixel is g(i(j, k), j , k). The shape of the FIS can be determined from the function i(j,k) which gives the frame number of the pixel lying on the FIS for any given (j,k). The focused image F(j, k) of the object is obtained from the image sequence and the function i(j, k) as:(5) [18] ( , ) ( ( , ), , ) F j k g i j k j k
In order to find the function i(j,k) which specifies the FIS, we use the fact that the focusing function of F(j, k) (or g(i(j, k), j , k)) is a maximum over all possible functions. A set of I image frames, gi, are recorded at each position, zi. For each image frame, the regions selected for FFS are meshed into quadrilateral elements; each element has 4 nodes, in this paper. The laplacian focusing measure function at every node is computed in small, overlapping fields-of view, or image windows, of size M×M (M is about 15). The laplacian focus measure function of the image windows can be expressed as [ Where f(i) is the laplacian function of the image window at the selected node and g(x,y) is the grey value in the image window. (x,y) gives the pixel position in the image window. For a given field-of-view (image window), the corresponding image windows in different image frames shift and change magnification from one image frame to the other. For each window (or field-of-view), the image frame number for which the focus measure is a maximum over all the image frames is determined. The image frame numbers thus found give a very rough estimate of the FIS. This estimate can be improved through the Gauss interpolation around the image frame with the maximum focusing function [2] . Fig. 4 illustrates this interpolation scheme. The figure shows a plot of the focus measure function as a function of PZT position. The values were computed at adjacent PZT steps and joined by straight spline. The focus measure function at step m is a maximum. Therefore, the Gaussian distribution was fitted to the three data points at PZT steps m-1, m, and m+1. Then the location of the local maximum of the polynomial, z , was computed and was taken to be the improved estimate of the focus position. A quadratic or a cubic polynomial fit is used by some researchers.
Experiment
The measurement system is shown in Fig. 5 . We use a PZT step motor as a vertical scanning device to adjust the position of the spacemen in the z direction. The specimen (9mm×11mm×3mm) was structured by an aluminium film of 500nm thickness deposited precisely on a PMMA substrate. The specimen has been deformed by uniaxial compression to generate straight-sided buckles perpendicular to the compression axis [11] [12] [13] . As proposed by several authors, the straight side pattern can be approximated by equation (1) and is in good agreement with the cross section curve obtained by AFM [9, 6] . When the external compressive stress is released, all the wrinkles evolve at room temperature and pressure from straight-sided to telephone cord structures, as observed in Fig. 6 . This secondary buckle in the y-direction, so-called telephone cord buckle (worm-like pattern), appears along the straightsided wrinkles.
The image frames are recorded by Olympus microscope and DP10 CCD camera. The PZT stepper motor is first moved to z = z 0 . A sequence of images, g(i, j , k), is recorded by moving the PZT stepper motor to positions z i =z 0 +i* where , a small displacement, is controlled to be 0.2 m, for i = 0, 1, 2, ..., I -1, j = 0, 1, 2, ..., J -1, and  k=0, 1,2… , K-1. J=21, K=41 are the number of rows and columns of the selected regions respectively in each image frame, and I=12 is the number of image frames (see Fig. 6 ). The selected regions, R1, R2, are meshed into 20×40 elements. In the case of wrinkles whose cross-sectional shape may be approximated by a cosine curve, Matuda et al. [20] have established a relationship between internal stresses and buckle dimensions using a one dimensional model with unidirectional loading. 
Result and discussion
In the plane strain model, =E/ (1) (2) . Where is Young's modulus of thin film, is the Poisson's ratio of film; 2b is the length of the wrinkle and the maximum defection ( Fig. 3) .
A pro le plot of the straight side wrinkle obtained by C-C section (see, Fig. 8 b1) is presented in Fig. 9 . The characteristics of the buckle are the following: =3.19 m and b=4.9 m. Moreover it is worth noting that this crosssectional shape can be unambiguously approximated by a cosine curve (dashed line), which is a necessary condition for the application of the one dimensional model. By using relation (7) and the Young Modulus and de Poisson's ratio measured on the same Al (E=70 GPa, =0.25) films by ultra-low indentation [21] , we obtained a residual compressive stress of 15.5 GPa.
The scan size of telephone cord buckle ( Fig. 8 a1) is about 28.6 m×74.8 m with a max height extension of 3.1 m. The straight side wrinkle (the Euler column) releases compression in the x-direction, but not in the y-direction. When Residual stress becomes large, axial undulations are able to reduce compression in the y-direction thereby further lowering the energy in the buckled state; the straight side wrinkle (the Euler mode) becomes unstable and undergoes bifurcation into a mode with axial undulations. The telephone cord buckle is a secondary buckle mode of the straight side wrinkle in the longitudinal direction [22] . The antysimmatric bifurcation mode leads to the telephone cord buckle. For reasons detailed below, the straight side wrinkle retain for the narrow width (19.8 m) while the telephone cord mode is preferred for the wider width (28.6 m) with lower stability in the longitudinal direction. The cross sections of the telephone cord buckle are shown in Fig 10. The microscope profiles are found in good agreement with the AFM profiles in Fig 2. 
Conclusions
We have described a Shape-from-Focus (SFF) method based on maximizing focus measure function, the Vertical Scan and the Microscopy. Microscope investigations have been performed to follow the buckling of 500nm aluminium thin films deposited on a PMMA substrate. The specimen has been pre-deformed by uniaxial compression to generate straight-sided wrinkles perpendicular to the compression axis. Profiles have been measured by microscope along transverse direction, and have a good agreement with the AFM profiles. The destabilisation from a pre-existing straight-sided wrinkle to a telephone cord pattern has been investigated and is associated with the lower stability in the longitudinal direction resulted by the pre-existing straight buckling width. Fig. 9 . The cross section (C-C section of image b1 shown in Fig 8,) perpendicularly to the selected straight-sided wrinkle in R2 shown in Fig 6. The irregularities on the curve can be explained by the equipment error and the imperfections on the film surface. Fig. 8 . The 3D patterns of the selected wrinkles observed by SFF on an Al/organic-glass system. a1 and b1 are the contour lines of selected telephone cord buckle and the straight side wrinkle respectively; a2 and b2 are the 3-d view of the telephone cord buckle and the straight side wrinkle respectively.
